Three approaches were taken to isolate a total of 153 nonspreading mutants derived from our laboratory strain of Cytophagajohnsonae, UW101, or from its auxotrophic derivative, UW10538. Characterization of 109 of these mutants led to their placement in five general categories: (i) motile, nonspreading (MNS) mutants whose cells are motile to various degrees but whose colonies fail to spread on agar gels under any conditions of incubation; (ii) conditional nonspreading (CNS) mutants with motile cells whose colonies require more moisture to spread on agar gels than do those of wild-type cells; (iii) filamentous conditional motility (FCM) mutants whose cells grow aS nonmotile filaments or as motile cells with wild-type morphology, depending on conditions of incubation; (iv) short, tumbling, nonspreading (STN) mutants with short cells that tumble constantly; and (v) truly nonmotile (TNM) mutants whose cells never move and whose colonies never spread under any conditions tested. All TNM mutants exhibited a remarkable pleiotropy not seen in the other four classes of mutants: all were resistant to 39 phages to which wild-type cells are sensitive, and all were unable to digest chitin, which is digested by wild-type cells. The correlation between ability to move and phage sensitivity was strengthened further by showing that 150 additional TNM mutants derived from UW101 and 43 TNM mutants derived from 29 independent isolates of C. johnsonae were resistant to all phages to which their parents were sensitive. Furthermore, motile revertants of TNM nmutants became phage sensitive, and temperature-sensitive mutants were motile and phage sensitive at 25°C and nonmotile and phage resistant at 32°C. Evidence supports the conclusion that any mutation rendering cells truly nonmotile invariably alters cell surface-associated properties such as phage sensitivity and chitin digestion merely as a consequence of changing a moving cell surface to a static surface.
ganotrophic bacterium which is capable of chitin digestion and which exhibits gliding motility (18) . When in contact with the surface of a glass microscope slide, cells are capable of translocating over that surface in either direction parallel with the long axis of the cell and are also capable of spinning, pivoting, and tumbling movements (15) . The outer surface layer of these cells is kept in motion, as evidenced by movements of latex beads that, when added to a suspension of motile cells, are moved about over surfaces of cells with which they come in contact (15) . There appears to be no region of the cell surface from which moving latex beads are excluded, suggesting that the moving components cover the entire surface. Although several hypotheses have been proposed to explain gliding motility (3, 5, 10, 11, 15) , the molecular basis for these kinds of movements is still uncertain.
We wished to obtain a large collection of nonspreading mutants of C. johnsonae to facilitate the identification of different components of the cell required for gliding motility.
It was reported earlier (16) that nonmotile mutants of C. johnsonae were resistant to phages that infect wild-type cells. In this study, phage selection was used as one of three methods to isolate a large number of nonspreading mutants. We report here that five general types of nonspreading mutants can be recognized, that the type of mutant isolated is influenced by the method of isolation, and that all mutants incapable of any movement are resistant to all phages tested and are unable to digest chitin. * Corresponding author.
MATERIALS AND METHODS
Bacteria and phages. Listed in Table 1 are the two motile parent strains of C. johnsonae and all motility mutants derived from them that were characterized in this study. Strain UW101 is our laboratory strain cloned from C. johnsonae ATCC 17061. Strain UW10538 is a phenylalanine auxotroph derived from strain UW101 by penicillin selection (4) . Twenty-nine additional isolates of C. johnsonae were used where indicated. Seven of these 29 strains were obtained from the American Type Culture Collection, and their ATCC accession numbers are: 29583, 29584, 29586, 29587, 29588, 29589, and 29590. The other 22 strains were isolated in our laboratory from local soil and freshwater samples and identified as C. johnsonae based on chitin digestion and gliding motility. For most experiments, exponentially growing cultures with a turbidity of 90 Klett units (Klett-Summerson colorimeter equipped with a red filter), ca. 2 x 109 cells per ml, were used unless otherwise indicated. Previously isolated phages active against C. johnsonae were propagated and used as described earlier (16) . All motility mutants listed in Table 1 were tested for their sensitivity to 25 of those phages. In addition, all mutants characterized as truly nonmotile and all 29 additional isolates of C. johnsonae were tested for sensitivity to a total of 39 phages, 29 of which were reported previously (16) and 10 of which were more recently isolated from natural sources by using strain UW101 in phage enrichment cultures as before (16) .
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For mutagenesis, cells from single colonies were inoculated into EC broth, grown to a density of 2.7 x 109 cells per ml, exposed to a mutagen, allowed to grow for several doublings in fresh EC broth, diluted appropriately, and plated for single colonies on EC-1.5% agar. After 48 h of incubation, plates were screened for nonspreading colonies. For mutagenesis with N-methyl-N'-nitro-N-nitrosoguanidine (nitrosoguanidine), cells were incubated for 60 min at 30°C with a fihal concentration of nitrosoguanidine of 200 ,ug/ml. For mutagenesis with diethyl sulfate, 3 ml of a diluted culture (108 cells per ml in 10 mM MgSO4) was transferred to a sterile tube to which a drop of diethyl sulfate was added. After 5 min at 30°C, 0.3 ml was removed from the top of the suspension and added to 5 ml of EC broth to allow cell growth. Cell survival for both treatments was 1 to 10%. Phage selection of motility mutants was accomplished by picking and streaking nonspreading colonies from areas of lysis on EC plates (1.5% agar) 48 h after spotting lawns of UW101 or UW10538 with phage lysates and incubating at 25°C. Revertants of motility mutants, capable of spreading on 1.5% agar incubated in ambient environments at 25C, were isolated after prolonged incubation of mutant cells on (ii) Cell motility. The ability of individual cells to move was determined by phase-contrast microscopy of growing cells taken from EC broth and placed on glass microscope slides and by phase-contrast microscopy of cells growing in slide cultures prepared as described by Noller and Durham (14) . For inoculation of slide cultures, actively growing cells were diluted with EC broth to about 4 x 106 cells per ml so that most cells were separated from each other when deposited on agar-coated glass slides. Slide cultures were incubated at 25°C and examined periodically by phase-contrast mnicroscopy for 24 h. Cells grown in EC broth were tested for their ability to move latex spheres over their surfaces as described previously (15) .
(iii) Phage sensitivity. Lysates of phages (108 to 109 PFU/ ml) were spotted on EC plates (1.5% agar) seeded with the strain to be tested. Plates were examined for areas of lysis after 48 h at 25°C or at 32°C.
(iv) Antibiotic sensitivity. Stock solutions of five antibiotics were made, filter sterilized, and each incorporated into EC plates (1.5% agar) at various concentrations. Plates were used within 4 h of being prepared. Cells to be tested were spotted on the plates and examined for growth after 72 h at 250C.
(v) Polymer digestion. Suspensions of cells were spotted on plates containing each polymer to be tested. For testing caseinate, starch, and gelatin hydrolysis, plates were flooded with 1% HCI, iodine solution, and 1% HIgCl2-1% HCl, respectively, after 48 h at 25°C. The ability of test cells to hydrolyze those polymers was indicated by the formation of a clear zone around the colony on the plate flooded with each reagent. The ability of cells to hydrolyze polypectate was indicated by the appearance of pits in the agar-polypectate surface beneath the colonies after 4 to 6 days at 250C.
For chitin digestion, plates were examined periodically over a 3-week period. Digestion was indicated by clearing of the turbid-chitin-containing agar.
Chemicals. Antibiotics, chitin (practical grade), starch (potato, soluble), and diethyl sulfate were purchased from Sigma Chemical Co., St. Louis, Mo. Sodium caseinate and gelatin were obtained from Difco Laboratories, Detroit, Mich. Nitrosoguanidine was a gift from Winston Brill, Department of Bacteriology, University of Wisconsin-Madison. RESULTS
Isolation of mutants. By the three procedures described above, 153 nonspreading mutants derived from strain UW101 or its auxotrophic derivative UW10538 were isolated. Of these mutants, 109 were selected for further study and are listed in Table 1 along with the phenotype and method of isolation of each, and these results are summarized in Table   2 . The five motility phenotypes listed are based on characterization of the mutants as described in the next sections and summarized in Table 3 . Appearance of colonies on 1.5% agar. When incubated in ambient environments, colonies of strain UW101 (wild type) on 1.5% agar gels are flat with irregular spreading edges (Fig.  la) . When incubated under identical conditions, colonies of many nonspreading mutants are compact and slightly raised with irregular, nonspreading edges (Fig. lb) . This type of colony is typical of those produced by mutants referred to as conditional nonspreading mutants (CNS) under ambient conditions on 1.5% agar. Many other mutants produced small convex colonies with smooth, nonspreading edges (Fig. lc) . This type of colony is characteristic of three classes of motility mutants: truly nonmotile mutants (TNM), motile nonspreading mutants (MNS), and filamentous conditional motility mutants (FCM). Other distinguishing characteristics of these types of motility mutants are described below. One mutant, UW102133, when incubated on 1.5% agar in ambient environments, produced convex nonspreading colonies about half the size of those produced by TNM mutants. When plates were incubated in a moist chamber, colonies produced by this mutant were about the same size as those formed in ambient environments but were surrounded by a thin halo (Fig. ld) due to a thin layer of spreading cells at the periphery of each colony (determined by examination of this region by phase-contrast microscopy).
Effects of agar concentration on colony spread. When an EC plate was spot inoculated with a suspension of wild-type cells in EC broth, a spreading colony was produced regardless of the concentration of agar in the medium or whether incubated in a moist chamber or the ambient environment. However, as the concentration of agar in the medium was lowered from 1.5 to 0.4%, the amount of spread decreased and the edge of the colony became smoother, exhibiting only slight spread on 0.4% agar (Fig. 2a, b , and c). All motility (Fig. 3d) , which produced small colonies surrounded by haloes of spreading cells (Fig. ld) , were about half the length of wild-type cells grown under the same conditions. When examined by phase-contrast microscopy, cells of UW102133 taken from EC broth cultures attached to the glass slide and exhibited continuous somersaulting or pivoting movements, but no translocational or spinning movements were seen. This isolate is referred to as a short, tumbling, nonspreading (STN) mutant. Although slight colony spread does occur when it is incubated in a moist chamber, this mutant was not classified as CNS because its reduced cell length and constant tumbling movements clearly set it apart from all CNS mutants.
Under certain conditions of incubation two mutant strains grow as motile cells of size and shape identical to wild-type cells but grow as long, nonmotile filaments under other conditions. These isolates are referred to as filamentous conditional motility (FCM) mutants. Colonies produced by mutant UW102137 (Fig. lc) were identical to those produced by TNM 0.7, or 1.5% agar gels under ambient conditions or in a moist chamber or incubated at any temperature between 10 and 34°C. When examined by phase-contrast microscopy, cells taken from nonspreading colonies were always filamentous, and no movements of the filaments were ever observed. When grown in EC broth cultures, cells were filamentous and nonmotile when incubated at 32°C (Fig. 3b) but were indistinguishable in size and motility from wild-type cells when incubated at 25°C. In other words, this mutant is temperature-sensitive for motility and division when grown in EC broth but fails to move or to divide at all temperatures when grown as colonies on EC agar. When incubated in static EC broth cultures at 32°C, growth of the filaments often occurred in a helical pattern, resulting in the formation of bundles of intertwined filaments (Fig. 3c) (Fig. 4a) (Fig. 4b) , which upon continued incubation grew together in large masses of cells (data not shown). Movement of individual cells was never observed in the microcolonies or at the edges of large masses of cells. Cells of MNS mutants exhibited limited ability to move on agar. Some produced microcolonies similar to those of TNM mutants, but slight movement of one cell with respect to another was sometimes seen at the edge of a microcolony, at the edge of larger masses of cells, or at the edges of water droplets. Among these were some of the mutants which failed to move when taken from EC broth and examined on glass slides. Still other mutants produced microcolonies, but cells moved within the microcolonies and a few single cells moved away from microcolonies (Fig. 4c) . This kind of pattern corresponds to mutants designated as CNS mutants.
In slide culture, the FCM mutants UW102137 and UW102159 produced microcolonies consisting of filamentous cells winding in tight, compact coils (Fig. 4d) . No movement of the filaments was observed. The STN mutant UW102133, which in EC broth grows as short cells which, when placed on glass slides, somersault and pivot continuously, produced short cells that formed microcolonies in slide culture (data not shown). Cells were observed to move within microcolonies, but individual cells never moved away from the colonies.
Polymer digestion. Strain UW101 (wild type) digests the polymers chitin, polypectate, starch, casein, and gelatin under the conditions described in Materials and Methods. During an initial screening of motility mutants for their ability to hydrolyze chitin and to use it as a sole source of carbon, energy, and nitrogen, it was discovered that all mutants capable of movement (CNS and MNS mutants) could hydrolyze chitin, whereas all TNM mutants tested were unable to do so. Examples of chitin digestion by wildtype cells and by an MNS mutant are shown in Fig. 5a wild-type cells or with nonmotile mutants. Additional phages active against wild-type cells were isolated, but none was isolated against nonmotile mutants. Thirty-nine independently isolated phages for C. johnsonae UW101 are now available, and all 49 mutants in Table 1 characterized as TNM are resistant to all 39 phages. Approximately 150 additional TNM mutants derived from UW101 have now been isolated in our laboratory, by phage selection procedures and by methods independent of phages, and all are resistant to all 39 phages. Twenty-nine additional isolates of C. johnsonae were tested for their sensitivity to the 39 phages. Seven strains were sensitive to all 39 phages, and the other strains varied from those sensitive to all but 1 phage to those sensitive to only 7 of the 39 phages tested. With all 29 strains, it was possible to use phage selection to isolate nonmotile mutants, and 43 nonmotile mutants derived from these 29 strains were resistant to all phages to which their parent strains were sensitive.
Antibiotic sensitivity. Sensitivities of wild-type cells and TNM mutants to five antibiotics are indicated in Table 4 . All mutants were sensitive to the same levels of tetracycline, streptomycin, and nalidixic acid as were wild-type cells. Two mutants showed increased sensitivity to actinomycin D. The rest had the same sensitivity as wild-type cells. Most TNM mutants (36 strains) exhibited the same sensitivity to penicillin G as did wild-type cells. Twelve mutants were slightly more resistant and one was more sensitive to this antibiotic than were wild-type cells.
Revertants. A total of 134 motile revertants have been isolated from flares extending out from edges of colonies of TNM mutants incubated at 25°C. All revertants were tested for colony spread and phage sensitivity at 25 and 32°C. All 134 revertants produced spreading colonies and were sensitive to some or all phages at 25°C. Five revertants were resistant to all phages and produced nonspreading colonies at 32°C. As determined by phase-contrast microscopy, individual cells of these five strains were motile when grown at 25°C and nonmotile when grown at 32°C. All five of these revertants hydrolyzed chitin and used it for growth at 25°C but not at 32°C. Wild-type cells hydrolyze chitin at both temperatures. Ten other revertants were tested at 25°C for utilization of chitin, and all of them hydrolyzed it and used it for growth.
Spreading revertants of two motility mutants with altered cell morphology were obtained. A revertant of the filamen- tous mutant UW102137 regained motility, phage sensitivity, ability to digest chitin, and normal cell morphology when incubated at 32°C, indicating that these characteristics were all altered due to a single mutation. A revertant of the STN mutant UW102133 regained both normal cell size and the ability to spread on agar surfaces, suggesting that the mutation causing decreased cell length was responsible also for the nonspreading colonies and for the continuous somersaulting and pivoting movements observed in cell suspensions on microscope slides. DISCUSSION Three different methods have proved useful for isolating mutants of C. johnsonae that produce nonspreading colonies on 1.5% agar gels incubated in an ambient environment. Careful examination of such isolates is required to determine whether each is TNM or is capable of movement but fails to spread on 1.5% agar gels. Mutants were considered to be TNM only if no colony spread was evident under any conditions of incubation and if cell movement could not be detected in slide cultures or in wet mounts. Further characterization revealed that phage sensitivity and chitin digestion are strictly correlated with ability to move: all TNM mutants are resistant to all phages tested and fail to digest chitin; at 25°C, all CNS, MNS, FCM, and STN mutants and all motile revertants of TNM mutants are sensitive to some or all phages, and all that were tested are capable of chitin digestion. The relationship between ability to move and phage sensitivity and chitin digestion also holds true with temperature-sensitive mutants incubated at permissive and restrictive temperatures. Whenever any movement of mutant cells could be detected by the methods employed, that strain was found to digest chitin and to be sensitive to some or all phages. Because of this strict relationship, phage sensitivity and growth on chitin plates are fast and reliable methods to screen nonspreading isolates for their ability to move.
Mutations leading to the MNS or CNS condition are evidently more frequent occurrences than are those leading to the TNM condition (Table 2) . Selection for nonspreading mutants or screening mutagenlzed cells for nonspreading mutants should not favor one class of nonspreading mutant over another. But nonspreading nmutants resulting from these two methods combined numbered 7 TNM, 34 CNS, and 16 MNS compared with 42 TNM, 0 CNS, and 7 MNS obtained by phage selection. Clearly, the use of phages allows specific selection for the class of nonspreading mutants (TNM) that makes up a small proportion of nonspreading mutants in a population of cells and provides no selection at all for those mutants (CNS) comprising the largest proportion of nonspreading mutants in an unselected population of cells. Thus, the method of choice depends on the kinds of mutants desired.
Components of cell surfaces required for gliding motility have not been identified, and it is not known what kinds of defects are responsible for mutants in the five different classes identified here. We can infer from observations of latex spheres moving on cell surfaces that surfaces of motile cells have moving components. The moving components may be rotary assemblies (15) , the turning of which keeps a surface slime in motion, or a system of moving tracks (11), or perhaps some other mechanism. But it is clear that a moving cell surface is not sufficient to bring about translocation of cells over an agar surface, since CNS and MNS mutants have moving surfaces but fail to produce spreading colonies on 1.5% agar gels incubated in ambient environments and since motile cells (with moving surfaces) fail to spread on 1.5% agar gels in the presence of sugars (4 only with one process, and consequently, it should be possible to isolate mutants defective in one process but not in the other, unless one depends on the other. Thus, mutations leading to phage resistance do not invariably lead to the nonmotile condition or to the inability to digest chitin, but mutations leading to the nonmotile condition invariably lead to phage resistance and to inability to digest chitin. The only interpretation compatible with all available evidence is that anything that stops the mnovement of cell surfaces protects cells from infection by any of the known phages that infect C. johnsonae. Examination of MNS mutants suggests that as long as some cell surface movement occurs, no matter how slight, cells are susceptible to phage infection. Members of this class of mutants apparently suffer from different defects, based on differences in patterns of phage sensitivity, but it is interesting that some of these mutants that are capable of only slight movements are weakly sensitive to all phages, suggesting that the effectiveness of phage infection is directly related to the degree of cell surface movement. It appears that the phages in our collection are not unusual among C. johnsonae phages in their requirement for motile cells in order to infect, since phage enrichments with nonmotile mutants failed to yield phages from samples that, when incubated with wild-type cells, served as sources of additional C. johnsonae phages. If phages exist that will infect nonmotile mutants, they are apparently far less abundant in nature than are those that infect only motile cells.
The pleiotropy described here is not typical of nommotile mutants derived from flagellated bacteria nor is it found in nonmotile mutants of the gliding bacterium M. xanthus. Flagellotropic phages have been described that infect various bacteria only when flagella are present and functional (12, 17) , but honmotile mutants are resistant only to flagellotropic phages, not to all phages to which the parent strains are sensitive. With one exception nonmotile mutants of the gliding bacterium M. xanthus are not resistant to any of the phages known to infect wild-type cells (2, 8, 9) . Why would the peculiar relationship between motility and phage sensitivity be seen in C. johnsonae and not in any other procaryotic cell yet examined? Likewise, what would explain the relationship between motility and chitin digestion, a relationship that would not have been predicted based on studies with other motile procaryotes? The answer is certainly to be found in the moving surface components of C. johnsonae that have not been demonstrated in flagellated bacteria or in M. xanthus. The patterns of movement of latex spheres on cell surfaces suggest that there is no area of cell surface that is not kept in motion (16) . The basis of the movement is in dispute, but the important point to consider here is that something moves cell surface components in a way not found in most other bacteria. Cells of C. johnsonae have had to evolve ways of interacting with objects in the environment through a moving surface, rather than through the static kinds of surfaces characteristic of other bacteria. Phages that infect cells of C. johnsonae must do so through an outer surface layer that is somehow kept in motion. It is not too surprising, then, that processes that have evolved to allow infection through moving surfaces might actually depend on movement of the surface, just as infection by flagellotropic phages depends on the presence of a moving flagellum. Similarly, chitin digestion may require intimate contact between strands of chitin and the cell surface, and static surfaces of TNM cells may prevent establishment of the required intimate contact. Altered properties of all TNM mutant cell surfaces may be due to different arrangements of the slime, depending on whether it is assembled on a moving surface or a static surface, or the properties may differ simply as a consequence of a static layer of slime blocking underlying components that are accessible when the slime is kept moving. It is anticipated that further research on the mutants reported here will allow identification of specific components of cell surfaces that make up the moving machinery and of other components that interact with the machinery to bring about gliding motility, and eventually to an understanding of the curious pleiotropic nature of all TNM mutants.
